Postmarketing surveillance is critical to evaluating the safety and effectiveness of medical devices. The US Food and Drug Administration (FDA) may order the manufacturer of a high-risk device to conduct postmarketing surveillance studies, known as postapproval studies (PASs), at the time of approval.
tremendous potential for contributing crucial information about device performance in the real world. For example, in recent years, multiple manufacturers recalled implanted cardioverter defibrillator leads placed in hundreds of thousands of patients.
3, 4 Information about these critical safety issues only emerged after widespread adoption by physicians following their approval by the US Food and Drug Administration (FDA). As a result of these types of incidents, numerous stakeholders have called on the FDA to strengthen its postmarketing surveillance of medical devices to better inform our knowledge of the safety and effectiveness of medical devices already on the market. 5 There are now promising signs that the agency is increasing efforts to bolster its postmarketing surveillance of medical devices. The FDA is implementing its first strategic plan for postmarket surveillance of medical devices, "Strengthening Our National System for Medical Device Postmarket Surveillance." 6 One key element of this plan is the FDA's recent release of regulations 7 requiring each high-risk medical device to have a unique identifier, starting in 2014; this identifier will make it easier to identify the specific devices used in health care and assess their outcomes.
One of the FDA's most important tools in the postmarket setting is the authority to order the manufacturer of a highrisk device to conduct 1 or more postmarketing surveillance studies, known as postapproval studies (PASs), at the time the agency approves the device. Postapproval studies are "intended to gather specific information to address questions about the postmarket performance of or experience with an approved medical device." 8 The FDA guidance states, " [i] deally, the final protocol for a post-approval study and the schedule for study completion are based on agreements reached between FDA and the sponsor…prior to approval of the [device] ." 8 If no agreement is ultimately reached, or the study does not progress satisfactorily, the FDA can issue a warning letter, levy civil monetary penalties, or withdraw the marketing approval for the device. The FDA has ordered hundreds of PASs during the past decade, but no systematic analysis of the PAS program has ever been published. This article examines the number and characteristics of PASs ordered by the agency, the accessibility of information on individual PASs to clinicians and the public, and the overall effects of the program.
Methods
The FDA website is the only publicly available source of information on PASs. We abstracted all relevant information from the FDA website as of November 5, 2012 , and developed a spreadsheet of approvals of high-risk devices and PASs that had been ordered for those products. We began by capturing information on all PASs posted to the FDA PASs website for products approved between January 1, 2005, the earliest date for which PAS information is available via the FDA website, and December 31, 2011. The PASs website is intended to inform clinicians and other stakeholders of the progress of each PAS. The website contains basic information regarding each PAS, such as the device name; more detailed information, such as study characteristics and status of manufacturer reports to the FDA on PAS progress, is accessible by clicking on the study link. 9 For each PAS, we also collected information on which FDA approval pathway the device used to enter the market: premarket approval (used for new devices; typically <40/y), panel track supplement (used for significant changes in design or new indications; <15/y), non-panel track supplement (used for changes requiring less scrutiny; thousands per year) or humanitarian device exemption (used for products for small patient populations; <10/y) (Box 1).
13
We reviewed the approval orders for all original premarket approval, panel track supplement, and humanitarian device exemption applications during the same period. Approval orders for these applications were retrieved from the agency's online database of approved products, which includes information about approved devices and can be searched by a variety of fields. 14 We abstracted information that would allow us to understand why each PAS was ordered, as well as other characteristics of the study (eMethods in the Supplement). Because the PASs website only contains information on the date the most recent protocol version was approved, we requested and received data from the FDA on when the first version of each PAS Box 1. Types of Applications for High-Risk (Class III) Medical Devices Premarket Approval An application for a high-risk (class III) medical device, 10 although some class III devices gain market clearance through other application pathways. This application typically requires clinical data and must demonstrate the safety and effectiveness of the device.
Panel Track Supplement A supplemental application to an approved PMA device that requests a significant change in design or performance of the device or a new indication for use of the device and for which substantial clinical data are necessary to provide a reasonable assurance of safety and effectiveness.
11 Panel supplements are generally more complex than other supplements and may go to a US Food and Drug Administration advisory committee for review.
Non-Panel Track Supplement
A supplemental application to an approved PMA for approval of a change or modification that does not require a panel track supplement. These require less scrutiny and include various types of applications, such as 30-day supplements, realtime supplements, 30-day notices, and other submissions that generally do not require as much data as a panel track supplement.
Humanitarian Device Exemption A marketing application seeking a humanitarian device exemption from the PMA requirement of demonstrating a reasonable assurance of effectiveness. This designation is reserved for devices that benefit patients by treating or diagnosing a disease or condition that affects fewer than 4000 individuals per year.
12 Safety data are required.
Abbreviation: PMA, premarket approval.
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Assessing the Safety and Efficacy of Devices protocol was approved. The agency also provided updated information on when the most recent version of each PAS protocol was approved (eTable in the Supplement). While the PASs website includes a study design field as well as free-text fields with more detailed information, it does not provide precise definitions for the terms used, some of which may have more than 1 interpretation. To understand the types of postmarketing studies the agency required, we classified each PAS into one of the following study design categories. "Nonclinical" studies only involve laboratory testing and do not involve collection of clinical data. "Enhanced surveillance" studies require additional safety monitoring but do not explicitly require a patient cohort (eg, a study that collects additional demographic and clinical information for all reported concerns and adverse events related to a device). "Follow-up" studies involve further study of the device in a premarket patient cohort that the manufacturer had previously assembled. "Prospective cohort" studies require enrollment of a new group of patients in a cohort. "Prospective randomized" studies require patient enrollment in a randomized clinical trial. We classified studies that did not meet any of the above criteria as "other or unknown." We designated individual PASs that included more than 1 design component (eg, prospective cohort and followup) as a "mixed" study. All data abstraction and classification was performed independently by 2 of us (I.S.R. and K.H.P.). In cases of disagreement, the 2 reviewers reached consensus on the appropriate classification.
Results

Study Characteristics
In total, the FDA ordered 223 PASs on 158 medical devices approved from 2005 through 2011. Analysis by approval pathway shows that 93 of the 193 premarket approval applications approved during this period had a PAS (48%; 145 total studies). Fourteen of the 44 panel track supplements (32%; 21 total studies) and 10 of the 20 humanitarian device exemptions (50%; 11 total studies) had studies. Non-panel track supplements accounted for 46 studies. We were unable to determine the total number of devices approved by this pathway, but given that the FDA received nearly 2000 non-panel track supplements in fiscal year 2011 alone, the proportion of these applications receiving a PAS order is extremely small.
Of the 223 total studies, we classified 109 of the PASs as prospective cohort studies, 60 as follow-up, 17 as nonclinical, 7 as randomized trials, 16 as mixed, 7 as enhanced surveillance, and 7 as other or unknown ( Figure) . Of the 16 mixed studies, 14 included both prospective cohort and follow-up study elements. Examples of studies designated as other were patient focus groups or physician surveys. Overall, the FDA required a study that mandated new patient enrollment-a prospective cohort, a prospective randomized trial, or a mixed study that included at least 1 of the 2-for 117 (74%) applications receiving a PAS study order.
For the 168 studies on the PASs website for which the number of patients was provided, the median required sample size was 350 (interquartile range, 160-1500). Information about required sample size varied across approval letters. Some approval letters specified the minimum sample size, but in other cases the approval order specified another metric, such as minimum statistical power, or recommended follow-up of all patients from the related premarket study cohort. Other approval letters did not contain sample size information.
Based on our initial analysis of data from the FDA website, we determined that 107 study protocols (48%) were finalized at the time of application approval. However, because the date on the FDA website reflects the date of the most recent protocol approval and there may have been earlier versions of an approved study protocol, we reconducted the analysis using additional data supplied by the FDA. Using this information, we concluded that 137 PAS protocols (61%) were initially agreed on by the time of application approval, while 83 (37%) were agreed on after application approval. For protocols not in place at the date of application approval, a median of 180 days elapsed before a protocol was agreed on (mean, 230 days). Fourteen PAS protocols were not present until more than 1 year after the medical device was approved. There was missing information on protocol approval dates for 3 studies (1%). Forty-one (19%) study protocols were revised at some point (including 29 (21%) of those in place at the time of device approval and 12 (14%) of those agreed on after the approval). A median of 220 days elapsed between the date a protocol was initially agreed on and the most recent revision (mean, 373 days). No information is publicly available regarding why protocols are revised or the extent of the changes.
A search of the FDA's warning letter database revealed that the agency has not issued a warning letter to any manufacturer related to a PAS to date. 15 We also did not find any cases in which the agency has assessed a fine or any other penalty against a manufacturer related to a PAS. Similarly, the agency has never withdrawn a device's approval owing to failure to comply with agreed-on postmarketing surveillance.
Accessibility of Information
We checked the approval order and the PASs website for specific reasons for the order of each PAS and any study hypotheses. We found significant variation in whether this information was present, where it was located, and the amount of detail that was provided. There was also inconsistent information on specific end points and outcomes of interest. The FDA provides a status for each PAS on its website (definitions in Box 2). The agency listed 99 PASs (44%) as "progress adequate," 58 (26%) as "completed," 40 (18%) as "progress inadequate," 12 (5%) as "study pending," 9 (4%) as "other," and 3 (1%) as "terminated." The status of 2 other studies (1%) was not provided. No information was provided on the specific reasons that individual studies were making inadequate progress, had been terminated, or had been classified as "other." Of the 137 studies with protocols originally agreed on by time of application approval, 50 (36%) were reported as "completed," while only 8 (10%) of the 83 studies for which protocols were not in place until after application approval were reported as completed.
Specific reporting schedules vary, but agency guidance recommends that manufacturers submit a report to the FDA on the progress of the PAS every 6 months for the first 2 years of the study and then annually until its completion, 8 which can be 5 years or more. The PAS website lists the date that each of the reports is due, when the FDA received the report, and whether the report was on time or overdue. No information was available on the content of any of the interim study reports because the information is considered nonpublic. Eightythree (60%) of active studies-those categorized as "progress adequate" or "progress inadequate"-had submitted a status report late on at least 1 occasion. No information is available on the start date of the PASs.
In the period since our analysis, the FDA made a revision to the PASs website to clarify which protocols had been completely redesigned or replaced owing to lack of study progress. In such cases, the study status is now reported as "revised/ replaced study." Six studies have this designation.
Overall Effect
For 54 of 58 completed studies (93%), the FDA included indepth information on the PASs website, such as actual patient enrollment, number of sites, patient follow-up rate, safety or effectiveness findings, study strengths and weaknesses, and any recommendations for a labeling change for the device. A labeling change was requested for at least 31 of the 58 completed PASs (53%).
Studies generated findings with significant potential clinical implications in some cases. The FDA asked the maker of one product to update the device labeling "to reflect myocardial infarction (MI) and stroke rates at 3 years."
16 It asked another manufacturer to include data from the PAS that revealed "the high rates of MI and cardiac death or MI at 5 years."
17
According to the FDA's website, one product-a carotid stentwas removed from the market owing to adverse events identified during the PAS. 18 Studies can also reveal new information on device effectiveness. A randomized dosing study of a device used to treat depression found no dose-response for the treatment, information that was incorporated into the device labeling. 19 There is no way to easily track how long it takes manufacturers to implement any recommended labeling changes.
Discussion
The FDA ordered manufacturers to conduct studies on more than 150 high-risk medical devices between 2005 and 2011, including just less than half of the devices that entered the market by premarket approval. Delays in launching and complet-
Box 2. Premarket Approval Study Status Terminology 9
Progress adequate The study has begun, and progress is consistent with the protocol (eg, meeting enrollment schedule, meeting timeline, adequate follow-up rates, endpoints evaluated).
Progress inadequate
The study has begun, but progress is inconsistent with the protocol (eg, not meeting enrollment schedule, not meeting timeline, missing time point evaluations, poor follow-up rates, not all endpoints evaluated).
Completed The sponsor has fulfilled the condition of approval, and the FDA has closed the study. This is a final study status.
Study pending This category is used from the time the protocol has been approved to the review of the first report.
Terminated The sponsor has not fulfilled or cannot fulfill the condition of approval (eg, device is not currently being sold because the device's technologic features are obsolete, study questions are no longer relevant, sponsor withdraws PMA, study cannot answer postapproval study question), all appropriate efforts to fulfill the condition of approval have been exhausted, and the FDA has terminated the study. This is a final study status
Other The study status does not fit another category (eg, change in ownership, redesigning device and needing PMA approval before use in a postapproval study, pending separate study being used to address condition of approval). This is an interim study status.
Abbreviations: FDA, Food and Drug Administration; PAS, postapproval studies; PMA, premarket approval.
ing studies are common. There is limited information about the causes of study delays, and we found variable detail provided on the reason a PAS was ordered and on the study hypotheses. In addition, the FDA has never issued a warning letter to a manufacturer for failing to start or complete a mandated PAS, which may undermine its authority in ordering these studies. The most common effect of a PAS was a change to device labeling. The influence of such label changes is unknown.
Study Characteristics
Our analysis revealed that the FDA typically uses PASs to address specific concerns about the safety and efficacy of a device, as evidenced by the small sample sizes of the trials. Although these studies may be powered to answer the FDA's scientific questions, the small sample sizes mean that most PASs will not be able to assess device performance in certain patient subgroups, detect uncommon adverse events, or compare outcomes across devices. At times, these small sample sizes may make it difficult to draw any conclusions from the study at all. For example, the FDA noted the following weakness to one completed PAS: "Follow-up rate was very poor. That plus the fact that the study was very small to begin with means that the data were too sparse to make any definitive conclusions."
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While the FDA's goal is for study protocols to be in place at the time of approval, this did not occur for 83 (37%) studies. For this delayed cohort, it took a median of 6 months to reach agreement on a protocol. Combined with other barriers to initiating new studies, such as contracting with investigators and receiving institutional review board approval, there may be an extended period between device approval and the beginning of PAS data collection. Based on our findings, we recommend that manufacturers and the FDA reach an agreement on protocols by the time of approval to enhance the value of these studies for the health of the public. The agency should use the enforcement tools at its disposal, when appropriate, and clearly convey the specific reasons that any changes to the study protocol are necessary.
Accessibility of Information
We found a lack of clear and consistent information on specific study hypotheses and end points in the approval orders and on the PASs website. It would be useful for the FDA to clearly articulate-in both the approval order and on the PASs website-study hypotheses, specific study end points, and the specified sample size, study duration, and comparator groups for all studies. This clarity will benefit physicians, payers, and patients who want to understand what questions about newly approved medical devices are in need of additional study.
It was impossible to determine why almost one-third of active studies were making "inadequate progress." This lack of information prevents providers and the public from understanding the causes of such delays. The FDA guidance instructs manufacturers to include a rationale for not meeting study milestones or timelines in their interim reports to the FDA 8 ; these reasons for not meeting milestones should be made available on the PASs website. This information would allow physicians and patients to hold manufacturers and the FDA accountable for the setbacks by demanding more timely completion of the studies.
Results from interim study reports were not available, even for studies of 10 years' duration (eg, for some orthopedic implants). Because clinicians and patients must make treatment decisions throughout the study period, the FDA and manufacturers should determine, as part of the initial protocol, which interim results should be made available, with the goal of disclosing as much information as is appropriate.
Officials from the FDA have stated that they are not able to publicly release certain information about PASs, including the study hypotheses, specific target end points, and reasons that studies are making inadequate progress or have protocol revisions. Given the importance of these data to clinicians and patients in making treatment decisions, it would be appropriate for the FDA to reevaluate its ability to make this information available and seek additional authority to do so if needed. If necessary, Congress should update the statute to allow for greater transparency of this information.
Overall Effect
We found 1 instance of removal of a device from the market owing to problems identified in the PAS, which illustrates the potential of a robust PAS program to identify problems and contribute to ensuring the safety and effectiveness of high-risk devices, given the limited amount of premarket evidence that supports their approval. 2, 21 In addition, most completed PASs had results that led to labeling changes. The FDA is to be applauded for requesting changes to the device's labeling, but additional research is needed on the value of the labeling changes for physicians and patient outcomes, including whether changes in treatment decisions are made based on the results of the studies. There are no data indicating whether device labeling changes influence clinician or patient decision making. If labeling changes alone do not affect clinician behavior, the FDA, manufacturers, and clinical societies will need to identify other ways to communicate this information.
Limitations
Our analysis has some limitations. First, there is a lack of complete information for most studies on the FDA website. As a result, it is difficult to draw conclusions about the scientific purposes of the studies, the appropriateness of the sample size, the reasons for the delays in launching studies, why many studies were making inadequate progress, and the effect of the studies. Given the role that PASs may play in the postmarketing surveillance of devices, making this information more readily available would benefit patients and clinicians. If additional statutory authority is needed to make this information available, Congress should update the law. In addition, there is no other public source of data that can be used to verify the accuracy of the information. However, there are periodic updates to the site, and we believe that the FDA and manufacturers work to ensure that the information presented is correct. Finally, when there were revisions of the agreed-on PAS protocol, it was not possible to determine the reason for the revision and if the study had begun before the revision because the FDA does not make this information available.
Conclusions
This analysis describes how the FDA has used PASs to better understand the postmarket performance of medical devices. Given our findings-in particular, that only 1 of 223 studies has resulted in any action other than a labeling change-we encourage the agency to work together with all stakeholders to evaluate how these studies can more effectively be used to improve the public health. In particular, an assessment of the effect and value of labeling changes-one of the distinct elements of the PAS program-is needed. Understanding how best to communicate information to clinicians on postmarketing performances should be a priority for the FDA and industry. In addition, we believe there is unrealized potential to improve the safety and effectiveness of high-risk devices without lengthening premarket approval duration if studies are initiated immediately on approval and their results are made publicly available in a timely fashion.
The small sizes of most PASs mean that they are unlikely to assess device performance in patient subgroups, detect relatively rare adverse events, or compare outcomes across devices. As a result, the FDA needs to ensure that other tools, such as large registries, are capable of answering these questions, which is a goal the agency laid out in its 2013 strategic plan for postmarket surveillance. 6 Finally, the FDA should integrate PAS data with other sources of information, such as premarket studies, clinical registries, adverse event reports, or published studies conducted by manufacturers or the research community, in one location, such as an online portal. The FDA's recently issued Unique Device Identifier regulations will facilitate this aggregation of data and other improvements in postmarketing surveillance. 22 This development and the approaches outlined in the FDA's first strategic plan to enhance device postmarket surveillance have the potential to greatly improve clinicians' understanding of the postmarket performance of medical devices. The past 5 years have ushered in major, much-needed changes in the oversight of medical devices in the United States. Although several efforts remain works in progress, the US Food and Drug Administration (FDA) is taking important steps to improve premarket device review and postmarket device surveillance. The FDA's framework for medical device regulation is complex, in no small part because of the great diversity of devices. The FDA has regulatory responsibility for a wide range of products, from simple and low-risk tools, such as crutches, to more complex and higher-risk devices, such as implantable cardioverter defibrillators. For all these products, the FDA must ensure an appropriate level of oversight sufficient to provide reasonable assurance that each device is safe and effective, but not so burdensome as to stifle the development of new, needed technological advances. This has long been a challenging balancing act. Regulation and oversight require attention to all stages of a device's life span, from its pathway to market through its long-term use in medical practice.
In reviewing devices before they enter the marketplace, the FDA takes a risk-based approach. Certain very-low-risk devices are exempt from premarket review. In general, devices that are considered high risk are reviewed using the premarket approval process, which requires device manufacturers to provide evidence that their device is safe and effective for its intended use. Many devices are considered low to moderate risk and are reviewed using the premarket notification, or 510(k), process. This process requires manufacturers to provide evidence that their device is "substantially equivalent" to another lawfully marketed low-to moderate-risk device, known as a predicate device.
In 2009, in response to growing internal and external criticism of the 510(k) review process, the FDA began a comprehensive assessment of the program. 1 This assessment led to a number of changes, including strengthening training of review staff 2 and the publication in 2011 of a new draft guidance document about the appropriate scientific content of 510(k) submissions. 3 The draft guidance details the steps of the FDA's 510(k) decision-making process, as well as the type and quality of scientific information manufacturers should provide to support each step. Once finalized, this guidance will serve as the standard for future submissions. Furthermore, in 2012, the Food and Drug Administration Safety and Innovation Act (FDASIA) authorized an alternative pathway to market for medical devices: the "direct de novo" process. 4 This pathway streamlines the review of novel low-to moderate-risk devices for which no clear predicate device exists. Before FDASIA, such devices had to go through the full 510(k) process before they could be deemed eligible for evaluation as a de novo device. This requirement may have made it more likely for manufacturers to cite multiple predicate devices in a misguided attempt to account for the various features of new products. In addition, the requirement unnecessarily lengthened the time it took for new therapies to reach patients, without offering additional value. Since the passage of FDASIA, the FDA has received several submissions through the direct de novo pathway. 5 The agency is expected to publish draft guidance and regulations that will facilitate the use of the direct de novo pathway by the end of 2014. In this issue, Zuckerman and colleagues 6 detail some of the concerns that have been raised about the 510(k) pathway for low-to moderate-risk medical devices, including the practice of citing more than 1 predicate device to make a claim of substantial equivalence, and the lack of sufficient scientific information in publicly available 510(k) summaries. The creation of the new pathway for de novo devices, the improved training of FDA reviewers, and the FDA's draft guidance for 510(k) submissions are directly responsive to the concerns that are raised by this study. In particular, the draft guidance clarifies appropriate selection and documentation of predicates as well as the level of detail to be included in 510(k) summaries. Over time, these measures should lessen concerns about the lack of publicly available scientific evidence on the safety and efficacy of medical devices cleared for market through the 510(k) process. Even the most carefully considered premarket review process has limitations. The performance of a medical device depends in part on the training and experience of the person or persons who use the device. It is challenging to draw conclu-
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